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By John P. Campbe11 and John W. Paulson

SUMWRY

The effects of static mar~ln and rotational damping
In pitch on the longitudinal stability characteristics of
an airplane have been determined by fllght tests of a
model in the NACA free-flight tunnel. In the investiga-
tion, the rotational.damping in pitch was varied over a
wide rarigeby usin~ horizontal tafls that varied in area
from O to 2);.percent of the wing area. A range of static
mmgins from 2 to 16 percent of the mean aerodynamic
chord was covered in the tests. For each test condition
the moclelwas flown and the longitudinal.steadiness char- “
acteristics vierenoted.

It was found In the investigation that longitudinal
steadiness was affected to a much ~eater extent by
changes In static margin than by cliangesin rotational
damptng. The best lon@tudinal steadiness was noted at
luge values of static margin. For all values of rota-
tional damping, the steadiness of the model decreased as
the static margin was reduced. The model was especially
unsteady at low values of static margin (0.03 or less).
Reduction in rotational-damping had little effect on
longitudinal steadiness, except t?latwith low values of
static margin (0.03 or less) the longitudinal divergences
were sometimes more violent with the tailless (low rota-
tional damping) condition.

Tn the applications of the model test results to
full-scale airplanes the small scale of the model and the
method of control make the model tests conservative; that
1s, the steadiness of the airplane 1s expected to be some-
fiat flreeterthan that of the model for given values of
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static margin and rotational damping In pitch. The mode1
test results indicate that the tailless airplane, In
spite of its low rotational damping in pitch, should have
longitudinal steadiness charactertstlcs similar to those
of a conventional airplane with the same amount of static
wgln, provided the static margin is greater than 0.03.

INTRODUCTION

Full-scale flight Investigations have Indicated that
static longitudinal stability and rotational damping In
pitch =e two Important factors affecting the longitudinal
handling characteristics of airplanes. No flight investi-
gations have been made, however, in which both of these
factors were systematically varied. Such an investigation
was considered desirable especially because of the recent
trend toward tailless airplanes, vhich have inherently low
damping in pitch. An investigation has therefore been
carried out in the NACA free-flight tunnel to determine
the effects of large changes in static margin and rota-
tional damping in pitch on the longitudinal stability .
characteristics of airplanes. Static margin is a measure
of static longitudinal stability and is defined as the
distance between the center of gravity and the neutral
point of an airplane expressed in terms of the mean aero-
dynamic chord.

The investigation was made with a free-flying,
dynamic model. The longitudinal steadiness of the model
was observed in flights made with variations in horizontal
tail area and center-of-gravity location that gave a wide
range of values of rotational damping and static margin.
In the investigation an attempt was made to determine the
relation between the observed longitudinal stability char-
acteristics In fli@t azndthe calculated characteristics
of both the phugoid and the short-period longitudinal
oscillations.
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APPARATUS

The investigation was carried out in the NACA free-
flight tunnel, which is fully described in reference 1.
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A photograph of the teat section of the tunnel showing a
model In flight is presented as figure 1. Force tests
made to determine the static stabillty characteristics
of the model were run on the free-fll t-tunnel six-
component balance. (See reference 2.T A free-oscillation
apparatus similar to that described In reference 3 was
used to obtain values of ~q.

A three-view drawing of the model used in the inves-
tigation is given in figure 2. The model was constructed
principally of balsa and was fitted with control surfaces
similar to those described in references 1 and 2. In
addition, a movable elevator was Installed on the inboard
portion of the wing (fig. 2) to provide longitudinal trim
and control during flights with the horizontal tall re-
moved. Three geometrically sfmllar horizontal tails
were used on the model. (See fig. 2 and table I.) For
the tailless condition, the horizontal tail was removed
while the vertical tall and the fuselage were retained
on the model. The center-of-gravity location of the
model was varied by shifting lead wei@ts located In the
nose and the tail.

METHODS

Calculations

The period and the time to damp to one-half ampli-
tude for both the short-period longitudinal oscillation
and the phugoid, or long-period longitudinal oscillation,
were computed for each tall condition for a range of
values of stattc margin trom 0.02 to 0.16 mean aero-
dpamic chord. Values of the static longltudhal
stak~lity derivatives used in making the calculations
were obtained from force tests of the model, and values
of the rotational damping derivative ~

q
were obtained

by a free-oscillation-testmethod slmllar to that de-
scribed in reference 3. All the calculations were made
for a llft coefficient of 0.5.

Flight-Testing ~ocedure

The model was flown with various amounts of static
margin for each value of rotational damping and a rating
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of longitudinal steadiness was assigned by the pilot to
each condition tested.. ~s. mo~,ql=,,rnotionwas observed
with controls fixed and also during-”controlledflight~”---
One measure of steadiness was the frequency with which
elevator deflections had to be applied to keep the model
flying smoothly in the center of the tunnel. For very
steady conditions, elevator control was seldom’necess,ary;
for unsteady conditions, however, alternate up and down
elevator deflections were required almost continuously.
Another measure of steadiness was the magnitude of ver-
tical motions of’the.mcdel in the tunnel while the model
was being controlled. Large vortlcaI displacements and
rapid ~~otlonswere the usual indications of unsteadiness
and slow, easll~ controlled motions of small magnitude
were obtained in steady-fli~ht conditions.

Hotion-picture records were taken with a camera
mounted at tk.eside of the test sect!on of the tunnel
for some conditions to supplement ttm pilot~s observa-
tion cf steadiness. Most.of these records were made of
controlled modal motions bec&use elevator control was
usually required to keep the model flyl~ tn t-hecenter
of the tunnel.

Three differences between t!.emethod of controlling
the longitudinal mot~ons in model fli@.t and in airplcne
fligl~tshould be noted:

(1) The model is controlled by abrupt elevator de-
flections of 20 to 50 or more, which me applied for very
short periods of time; whereas, the airplane control can
be applied slowly and smoothly. This difference probably
makes the model fliglhtpmore jumpy t-nanthose of an air-
plane with the same values of st~tic.msrgin and rota-
tional damping.

(2) For the model, abrupt elevator control is given
from a fixed neutral position and upon release the ele-
vator returns to the neutral position. With this method
of control it is impossible for longitudinal motions of
the model to be induced by oscillations of the elevator
Itself as is sometimes the case for airplanes.

(3) ‘The model is usually controlled to maintain a
constant vertical position In the tunuel.rather than a
constant attitude as in the case of an airplane. This
method of control introduces lag difficulties at times
and causes motions that are probably well damped with
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controls fixed to appear lightly damped *en the elevator
control is being used.

WNGE OF VARIABLES

During the investigation, the rotational damping in
pitch and the static margin were varied while the weight
of the model and the moment of inertia about the Y-axis
were held constant. The rotational damping factor %
was varied from -3.1 to -4.3 by use of horizontal tali
araas that ranged from O to 24 percent of the wing area.
(See table I.) The static margin was varied for each
tall condition by shifting the center of gravity known
distances ahead of the neutral point. The neutral points
for the different tall conditions were determined from a

d%
consideration of’the values of —

dCL
obtained in force

tests of the model. The msxlmum variation of static
margin for the different tail conditions was from 0.02
to 0.16.

The weight of-the model was held constant at a value
of approximately 6.1 pounds, which corresponds to a wing
loading of 2.7 pounds per square foot for the model or
to a wing loading of 27 pounds per square foot for an
airplane 10 times the size of the model. The moment of
inertia of the model for all test conditions was such
that the ratio of the pitching radius of gyration to the
wing span k@ was 0.17. ThiEIvalue of k+ is
withh the ra~e of values for conventional airplanes
and is only slightly below the average ratio obtained
from values for over a hundred airplanes.

~!e fl~ght tests were made over a range of lift
coeffJcier:~5from 0:4 to 0.7. The lowest lift coeffi-
cient cfjz:i~.:lahle(0.4) was established by the maximum
alrqxed of the tunnel. The highest lift coefficient
(O.7) was limited by the maximum lift coefficient of the
mode1. Most of the flight tests were made at a lift
coefficient of approximately 0.5.
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The results of the calculations made to determine
the time to damp to one-half amplitude and the period of
the longitudinal oscillations are presented in figures 3
and 4. Results are @ven for the short-period.oacilla-
tion in figure 3 and for the long-period orphugoid
oscillation in figure 4. The steadiness ratings assigned
by the pilot to different flight conditions are shown in
table II. Data from motion-picture records showing time
histories of the vertical motion and pitching motion of
the model with different amounts of rotational dam~iruz
and static mar~in are presented in Iigures 5 to – - -7.

DISCUSSION

Effect of’Variation of Static Hargin

The ratings of’table II bbow that the steadiness of
the model dec~eased as the static mngin was reduced for
all valu~s of rotational Carping. Tb.emodel was particu-
larly unsteady at low values of static margin (belowO.04).

ThD model flaw very steadily with lcr~e values of
static margin, cnd only occasional elevator deflections
were required to keep the model flying smoothly in the
tunnel. The t~me histories at the bottoi~ of figw-es 5
and 6 show that the vertical motions of the model during
controlled flight with large static margins were slow,
smooth, and of small ma~nitude.

With low values of static margin, how4ver, the
motions became faster, sharper, and larger
the upper time histories in figures 5 and & asT%;%y
shows that,with 0.02 static margin, the model was very
unsteady with any amount of rotational dampi~. Fli~hts
at this condition were very jumpy, snd strong tendencies
toward longitudinal divergence were noted. Vest flights
with this amount of static margin ended in crashes
because of the extreme difficulty 8Xp8ri8nced by the
pilot in applying elevator control at the exact instant
that it was needed to prevent longitudinal divergence.
At timss, because of unavoidable lag in the pilot~s
reactions, the control was applied in such a way as to
reinforce rather than to oppose the divergent motions.
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In this connection, it should be pointed out that the
pitching veloclti.esof the small-soale models tested In
the NACA free-flight tunnel are more than three times as
great as the pitching velocities of the corresponding
airplanes. It is expected, therefore, that the airplane
should be easier to fly than the model with the same
amount of static margin, and it is not believed that an
airplane corresponding to the model tested would neces-
sarily exhibit poor flight characteristics similar to
those that were noted in the tests of the model with 0.02
static margina .

The results of the calculations of dynamic longitu-
dinal stability (figs. 3 and ~) show that reducing the
static margin Increases the period of both the phugold
and the shcmt-period oscillation and reduces the damping
of the phugoid but does not a.?foctthe damping of the
short-period oscillation.

The only agreement noted between the calculations
and the flight-test results was that the period of the
short-period oscillation was approximately the same as
the period of the controlled motion of the model. Theo-
retically, the damping of the short-period oscillation
is heavy and does not vary with static margin. It ~S
possible, however, that the short-period motion could be
reinforced by elevator control movements cr ryst dis-
turbances in such a way as to prevent it from damping
quickly. If such conditions were present, an unsteady,
lightly damped longitudinal motion having approximately
the same period as the short-period oscillation might
occur.

Effect of Variation of Rotational Damping

The ratings of table II show that variation of rota-
tional damping had very little effect on the longitudinal
steadiness of the model. Decreasing the rotational
darrginghad virtually no effect on the steadiness at
lsr.qevalues of static margin but decreased the steadi-
ness slightly at low values of static ma-gin. The time
histories of figures 5 to 7 show that the vertical
motions 0. J model during controlled flight with dif-
ferent val . of %la were roughly similar for a given

.
value of static margin. With low values of static margin
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.(0.02 aqd 0.03), the longitudinal divergences were some-.,...-
times more viol=nt-with””the+ailless ~.(low ~q) . c?nd!.=.
tion.

..

The small effects of cha~es In rotational damping
on the lon@tudinal steadiness of the model indicate that
a tailless airplane, in spite of its inherently low rota-
tional damp~ng in pitch, should have longitudinal steadi-
ness characteristics atiilar to those of a conventional
airplane with t-hesame static margin.

In the investigation no quantitative data were ob-
tained concerning the effect of chan,gesin rotational
dampinfion the elevator effectiveness requged to maintain
a given deuyee of controllabilit~. It was noted in the
f’li~httests, however, that as the horizontal tail area
(and thus the elevator ef’fectivoness)was reduced, the
magnitude of the elevatm control deflections required
to kgcy tiiamodel flying satisfactorily in the tunnel
did not increase in direct proportion to the reduction
in elevator effectiveness. It thus appeared that, as
the rotational dampi~ in ‘pitchwas reduced, less
powerful elevator control was required to obtain satis-
factory fli.yktswith tk,emodel.

‘%6 calculations (figs. 3 and !+)show that reducing
the rotfitior.aldamgin~ factor ~U Increases the period

of tha skort-period oscillation aid decreases the period
o.fthe phugoid. Reducin~ the value of’ Cma reduces the

damping of the short-period oscillation fo~ all values
of static margin and reduces the damping of the phu~oid
oscillation forthe lower values of static margin.

CONCLUDING R.WARKS

Tk.eresults of the investigation to determine the
effects on longitudinal steadiness of varying static
mar~in and rotational dampinG are summarized in the fol-
lowin3 paragraphs. In the applications of these results
to tha full-scale airulane the small scale of the model
and the method of control probably make the model tests
conservative; that is, the steadiness of the airplane is
expected to be somewhat greater than that of the model
for given values of static margin and rotational damping.
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1. The best longitudinal steadiness was noted at
large values of static margin while the least steady
conditions were obtained with very small values of static
margin (0.03 or less).

2. Changes in rotational damping Ead little effect
on lon@tudinal steadiness except tnat for I.OWvalues of
static nar~in (0.03 or less) the longitudinal divergences
wer9 sometimes more violent for conditions of loI;~rota-
tional damping.

~. T]~e~o~el tent regu~ts ~ndlcated that ~ taill~sg
airplane, in spite of its inherently low rotational
damping In pitch, should have longitudinal steadiness
characteristics similar to those of a conventional air-
plane with the same sthtic margin, provided the static
mar~ln is greater than (1.03.
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Figure l.- Test secti,onof the NACA free-flight tunnel showing a
model in flight.
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Fig. 5 NACA ARR No. L4F02
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